The lysosomal-autophagic pathway is activated by starvation and plays an important role in both cellular clearance and lipid catabolism. However, the transcriptional regulation of this pathway in response to metabolic cues is uncharacterized. Here we show that the transcription factor EB (TFEB), a master regulator of lysosomal biogenesis and autophagy, is induced by starvation through an autoregulatory feedback loop and exerts a global transcriptional control on lipid catabolism via Ppargc1α and Ppar1α. Thus, during starvation a transcriptional mechanism links the autophagic pathway to cellular energy metabolism. The conservation of this mechanism in Caenorhabditis elegans suggests a fundamental role for TFEB in the evolution of the adaptive response to food deprivation. Viral delivery of TFEB to the liver prevented weight gain and metabolic syndrome in both diet-induced and genetic mouse models of obesity, suggesting a new therapeutic strategy for disorders of lipid metabolism.
The adaptive response of an organism to food deprivation is associated with major transcriptional and metabolic [1] [2] [3] [4] [5] changes and is conserved across evolution 6, 7 . One of the most prominent metabolic changes observed during starvation is an increase in lipid catabolism in the liver.
Autophagy, a lysosome-dependent catabolic process, is activated by starvation 8 and the resulting breakdown products are used to generate new cellular components and energy. Recent studies revealed that autophagy plays a central role in lipid metabolism because it shuttles lipid droplets to the lysosome where they are hydrolysed into free fatty acids (FFAs) and glycerol 9, 10 . Moreover, excessive lipid overload may inhibit autophagy, whereas enhancing liver autophagy in murine genetic models of obesity (Ob/Ob) ameliorates their metabolic phenotype 11 . These observations indicate the close relationship between intracellular lipid metabolism and the lysosomal-autophagic pathway. However, it is not clear how this relationship is coordinated at the transcriptional level in response to environmental cues. Here we show that the basic helix-loop-helix (bHLH) leucine zipper transcription factor TFEB, a master regulator of lysosomal biogenesis and autophagy 12, 13 , mediates the organismal transcriptional and metabolic responses to starvation.
A R T I C L E S

Tcfeb expression
Tcfeb expression significant increase in the transcription of the Tcfeb-β-galactosidase fusion transcript, indicating that the endogenous Tcfeb gene is positively regulated by the exogenous TFEB (Fig. 1d ). This result was also confirmed using a set of primers that specifically amplifies the murine endogenous Tcfeb transcript, but does not amplify the exogenous human TFEB cDNA (Fig. 1d) . These results indicate that exogenous TFEB can induce endogenous Tcfeb expression and suggest the presence of a positive feedback loop. The positive feedback of TFEB on its own expression was significantly enhanced during starvation and was suppressed by re-adding nutrients to the culture medium (Fig. 1e ). In addition, the effect of starvation on Tcfeb expression was significantly reduced in MEFs and hepatocytes from heterozygous mice carrying a Tcfeb-β-gal allele that lacks the transcriptional transactivation domain, indicating that the positive feedback loop requires a functional Tcfeb allele and that Tcfeb induction by starvation is sensitive to Tcfeb copy number (Fig. 1f,g ).
Next, we investigated whether Tcfeb mediates the positive feedback loop on its own expression by directly binding to its promoter. We previously showed that TFEB recognizes E-box-type DNA sequences, named CLEAR motifs 14 . Sequence analysis identified 6 putative CLEAR sites in the promoter region of the Tcfeb gene ( Fig. 1h and Supplementary (Fig. 1h) . Thus, in vitro and in vivo data showed that TFEB controls its own expression by virtue of starvation-induced direct binding to CLEAR elements in the TFEB promoter.
TFEB regulates genes involved in lipid metabolism through Ppargc1α and Ppar1α
To determine whether TFEB is involved in the metabolic response to starvation we sought to define the complete TFEB-dependent transcriptome in the liver, a primary site for the organismal starvation response. To this end, we injected mice with an adenoviral vector that expresses human TFEB (HDAd-TFEB) under the control of a liver-specific promoter (PEPCK ) and with a transgeneless control vector. The levels of expression of TFEB protein under these conditions are shown in Supplementary Fig. S2b . Microarray analysis indicated that as a result of TFEB overexpression, 773 genes were upregulated and 611 genes were downregulated (GSE35015), using a threshold for statistical significance (false discovery rate (FDR) < 0.05) and further filtering with an absolute fold change ≥1.5. Microarray results were validated by quantitative real-time PCR (rtPCR) performed on 40 selected genes (Fig. 2a,b) . Surprisingly, the gene ontology category 15, 16 most significantly upregulated by TFEB overexpression was the cellular lipid metabolic process, which includes monocarboxylic acid, fatty acid and cellular ketone metabolic processes, among others (Supplementary Table S2 ). Interestingly, several gene categories related to lipid biosynthesis, such as steroid, lipid and isoprenoid biosynthetic processes, were significantly downregulated (Supplementary Table S3 ). We also observed that in liver, TFEB positively regulates the expression of several genes involved in lysosome organization and autophagy (Supplementary Table S2 and Fig. 2b ), which is consistent with previous results obtained in cultured cell lines [12] [13] [14] . Overall we found that the transcriptional signature of TFEB overexpression in liver was similar to that of starvation (GSE36510; Supplementary Table S4), particularly for genes involved in lipid metabolism ( Supplementary Fig. S3 and Tables S5 and S6 ). The global control of lipid metabolism exerted by TFEB is illustrated in Fig. 2c and Supplementary Table S7 . These results strongly suggested that TFEB overexpression in fed mice phenocopied the transcriptional effects of nutrient deprivation in vivo, supporting the concept that TFEB is a critical regulator of the response to starvation in the liver.
Interestingly, one of the genes whose expression was significantly upregulated following TFEB overexpression was the peroxisome proliferator-activated receptor γ coactivator 1 α (Ppargc1a; also known as Pgc-1α) a known key regulator of liver lipid metabolism that is transcriptionally induced during starvation 17, 18 . To determine whether Pgc-1α is a direct target of Tcfeb we analysed its promoter and identified three CLEAR sites. ChIP-qPCR from liver extracts showed that Tcfeb binds to two of these sites in a starvation-dependent manner (Fig. 3a) . Furthermore, transactivation of a Pgc-1α promoter luciferase reporter by TFEB was dependent on the CLEAR sites (Fig. 3b,c) and was enhanced by starvation (Fig. 3d) . These results indicated that Tfeb directly regulates Pgc-1α gene expression.
These data were confirmed in vivo by measuring and comparing Pgc-1α expression in mice that overexpress TFEB in the liver and in mice that lack Tcfeb in the liver (Tcfeb-LiKO) with corresponding control mice. Injection of HDAd-TFEB into the liver of fed animals was sufficient to drive high constitutive Pgc-1α expression to levels similar to those observed in uninjected starved animals. In contrast, Pgc-1α induction by starvation was partially blocked by the deletion of Tcfeb. Furthermore, primary hepatocytes from animals overexpressing TFEB showed high constitutive expression of Pgc-1α, whereas Tcfeb deletion did not affect basal Pgc-1α expression. Conversely, Pgc-1α induction was partially blunted in starved hepatocytes lacking Tfeb, indicating that starvation induces Pgc-1α in a TFEB-dependent manner. In starved hepatocytes, overexpression of TFEB caused synergistic induction of Pgc-1α expression beyond the levels obtained by starvation alone (Fig. 3e) . Together, these results strongly suggested that TFEB directly controls Pgc-1α induction during liver starvation response, and that the level of TFEB expression is a critical parameter for the magnitude of this response.
To study the role of Pgc-1α as a mediator of TFEB function, we overexpressed TFEB in a mouse line that lacks Pgc-1α in the liver, which was generated by injecting Pgc-1α flox/flox mice with a helper-dependent adenovirus containing CRE recombinase (HdAD-APOA1-CRE). Figure 3f shows that TFEB-mediated induction of the expression of genes involved in lipid metabolism was severely reduced in the absence of Pgc-1α, confirming that Pgc-1α acts downstream of TFEB and mediates TFEB function.
During starvation, PGC1α regulates lipid metabolism in the liver through the downstream nuclear receptor peroxisome proliferator activated receptor α (PPARα; refs 17,18), suggesting that PGC-1α may mediate TFEB function by controlling the activity of PPARα. To test this hypothesis, we analysed transcript levels for known targets of PPARα (refs 17-20) in Tcfeb-LiKO mice, compared with wild-type mice. Starvation caused induction of the Pparα target genes in wild-type mice, but not in Tcfeb-LiKO mice ( Fig. 3g and Supplementary  Fig. S4a ), indicating that TFEB is essential for Pparα activation by starvation. Furthermore, most (74%) of the genes that were induced by TFEB overexpression in the liver of wild-type mice failed to show a transcriptional induction in mice lacking Pparα as measured by microarray analysis of liver tissue (GSE41141; Supplementary Table S8 ), suggesting that PPARα is an important mediator of TFEB transcriptional activity in the liver during starvation.
TFEB regulates lipid breakdown in the liver
Histological analysis of liver samples did not reveal any significant differences between wild-type and Tcfeb-LiKO mice fed with a normal diet. However, after a 24 h fast we observed an accumulation of lipid droplets in Tcfeb-LiKO mice that was not found in wild-type littermates, suggesting a defect in intracellular lipid degradation (Fig. 4a-c) . Consistently, we detected an impairment of FFA oxidation in cultured hepatocytes (Fig. 4d ) and higher levels of circulating FFA (Fig. 4e) and glycerol ( Fig. 4f) in Tcfeb-LiKO mice when compared with controls. In addition, during starvation Tcfeb-LiKO mice showed decreased plasma levels of circulating ketone bodies, which are mainly produced in the liver from the oxidation of fatty acids (Fig. 4g) . These data demonstrate the importance of TFEB in the control of cellular lipid metabolism. In addition, EchoMRI analysis of whole-body compositions demonstrated a defective peripheral fat mobilization after a 24 h and a 48 h fast (Fig. 4h ). This observation could explain the increased peripheral adiposity in Tcfeb-LiKO mice when compared with controls ( Fig. 4i ), indicating that TFEB activity in liver also affects peripheral fat metabolism. Next we addressed the role of TFEB in fat storage and its utilization in animals challenged with a high-fat diet. Liver appearance and lipid content were examined in Tcfeb-LiKO, HDAd-TFEB-injected and in corresponding control mice. Livers from Tcfeb-LiKO mice were large, pale and filled with lipid vacuoles, consistent with an impairment of lipid degradation pathways. Control mice fed with the same diet showed a similar, albeit milder, phenotype, in spite of similar food intake. Conversely, livers from HDAd-TFEB-injected mice exhibited normal red colour, markedly reduced lipid content when compared with wild-type controls, and normal weight in spite of increased food intake when compared with control mice, suggesting that TFEB overexpression prevented the effects of the high-fat diet by enhancing lipid degradation (Fig. 5a-c and Supplementary Fig. S4b ).
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Tcfeb-LiKO Control * * * * * * Blocking autophagy in the liver leads to hepatomegaly and liver failure 21 . Recently, a significant increase of lipid droplets, cholesterol and triglycerides was observed in the liver of Atg7 KO mice, suggesting a role for autophagy in lipid degradation 9 . We analysed TFEB-mediated lipid degradation in Atg7 liver-KO mice, in which autophagy is blocked 21 . Liver-specific Atg7 KO mice were generated by injecting Atg7 flox/flox mice with a helper-dependent virus containing CRE recombinase (HdAD-APOA1-CRE; Supplementary Fig. S5a ). One month after TFEB injection, the mice presented a significant increase in liver size and increased markers of liver damage, as measured by alanine transaminase, aspartate aminotransferase and alkaline phosphatase, which is consistent with previous results 21 . At the cellular level, we observed an accumulation of P62 (ref. 22 ; Supplementary Fig. S5b ) and lipid droplets ( Fig. 5d-f) . However, TFEB overexpression failed to decrease lipid droplet number (Fig. 5d) , liver weight gain (Fig. 5e ) and lipid content (Fig. 5f ) in Atg7 liver-KO mice ( Supplementary Fig. 5b,c) , which is in contrast to the results obtained by TFEB overexpression in wild-type mice (Fig. 5a-c) . These results indicate that autophagy is required for TFEB-mediated lipid degradation. TFEB overexpression rescues obesity and metabolic syndrome in mice When fed a regular chow diet, HDAd-TFEB-injected mice were significantly leaner than controls (Fig. 6a) , with decreased body fat deposition (Fig. 6b ), in spite of exhibiting similar food intake. Interestingly, these differences were blunted when HDAd-TFEB was injected into Pparα KO mice (Fig. 6a,b) , consistent with our results showing that Pparα is required for transcriptional changes downstream of TFEB. HDAd-TFEB-injected wild-type mice also exhibited lower plasma levels of total cholesterol, triglycerides, very-low-density lipoprotein, leptin, insulin and glucose ( Fig. 6c-i) . Indirect calorimetric analysis revealed a decrease in respiratory exchange rate (Fig. 6j) and an increase in FFA oxidation rate in HDAd-TFEB-injected mice when compared with controls (Fig. 6k) . Overall, the phenotype observed in HDAd-TFEB-injected mice shared some similarities to those reported for mice under caloric restriction 23 . Next we investigated the metabolic effects of TFEB gain and loss of function in mice fed with a high-fat diet. We found that in this condition Tcfeb-LiKO mice gained substantially more weight than control littermates (Fig. 7a) . Conversely, TFEB overexpression by injection of HDAd-TFEB at the beginning of the high-fat diet (Early inj) significantly prevented the development of obesity.
Furthermore, the injection of HDAd-TFEB after 4 weeks of highfat diet (Late inj) completely arrested the development of the obese phenotype. In addition, after 10 weeks of high-fat diet the weights of the animals injected with HDAd-TFEB at the beginning of the experiment and those injected after 4 weeks were indistinguishable (Fig. 7a) . Body composition analysis revealed that the weight difference between Tcfeb-LiKO and HDAd-TFEB-injected mice was largely due to differences in fat accumulation, which was higher in Tcfeb-LiKO and lower in HDAd-TFEB-injected mice when compared with controls (Fig. 7b) . Of note, the abnormalities in the serum metabolic profile induced by the high-fat diet in wild-type mice, which was characterized by the increase of circulating leptin, insulin, triglycerides and cholesterol, were markedly attenuated in HDAd-TFEB-injected mice (Fig. 7c-f) , which also showed improved sugar metabolism, as demonstrated by glucose and insulin tolerance tests (Fig. 7g-i) .
Similar experiments were performed in a genetic model of obesity due to leptin deficiency (Ob/Ob), which is associated with hyperphagia 24 . Two-month-old Ob/Ob mice, already obese at this early age, were injected with HDAd-TFEB. Six weeks later, HDAd-TFEBinjected Ob/Ob mice had significantly reduced levels of circulating triglycerides, cholesterol, glucose and insulin, and an improved glucose tolerance test, compared with untreated Ob/Ob mice, indicating that liver overexpression of TFEB improved the metabolic syndrome phenotype ( Supplementary Fig. S6 ). Together, these observations demonstrate that high TFEB activity can not only prevent the metabolic syndrome, but also revert it once initiated.
Evolutionary conservation of TFEB regulation and function in C. elegans
The genetically tractable nematode C. elegans shares approximately 80% of its genes with humans 25 . The C. elegans genome encodes a single homologue of TFEB, the gene hlh-30 ( Supplementary Fig. S7 ). Its protein product HLH-30 was previously shown to recognize a DNA motif similar to the CLEAR motif in vitro, and to drive transcription of metabolic genes in vivo 26 . To assess evolutionary conservation of TFEB-mediated starvation responses, we investigated whether HLH-30 may act in a similar manner to TFEB during C. elegans starvation. First, we found that hlh-30 mRNA progressively accumulated over a time course of starvation in wild-type animals, and rapidly decreased after reintroduction of food, similar to mammalian TFEB (Fig. 8a ). In contrast, the level of hlh-30 transcript did not increase after 12 h of starvation in hlh-30(tm1978)-null mutants (Fig. 8b) (Fig. 8c-g ). Starved * * * * * hlh-30 mutants exhibited a significantly smaller reduction in lipid staining, close to 10%, suggesting that they failed to mobilize lipids as promptly as wild-type animals. Consistently, using transmission electron microscopy, we found that intestinal cells in starved wild-type animals became depleted of dark-staining lipid droplets (Fig. 8h,i) , whereas those of starved hlh-30 mutants exhibited abundant droplets (Fig. 8j,k) . These results suggest that nematodes, similarly to mice, require HLH-30/TFEB to efficiently use lipid stores during periods of starvation. Furthermore, as in liver TFEB-deficient mice, lipid catabolism gene induction is greatly compromised in starved hlh-30 mutants (Fig. 8l) . These data suggest that the reason starved hlh-30 mutants fail to mobilize their lipid stores may be because of a severe transcriptional response defect. In wild-type C. elegans, starvation results in lifespan extension 27 (Fig. 8m) . In contrast, loss of hlh-30 resulted in almost complete abrogation of starvation-induced lifespan extension (Fig. 8n) . In addition, first-stage (L1) wild-type larvae arrest in response to food deprivation, resuming development following food restoration 28 . In contrast, hlh-30 mutant L1 larvae completely failed to survive starvation-induced arrest, indicating that hlh-30 is not only required in adult animals to survive starvation, but in younger stages as well (Fig. 8o) . Considered together, these data demonstrate how hlh-30 expression is induced, that it is required for lipid mobilization, is necessary for a proper transcriptional response, and is required for survival, all during starvation. Therefore, our observations suggest that HLH-30 and murine TFEB share evolutionarily conserved functions in organismal adaptation to starvation. 
DISCUSSION
Our study identifies TFEB as a key player in the metabolic response to starvation. TFEB activity is regulated transcriptionally and posttranscriptionally by nutrients, and is required to induce starvationresponse genes in both mammals and worms. Most importantly, the absence of TFEB results in an impairment of lipid catabolism and in a more severe metabolic derangement in obese animals, whereas TFEB overexpression causes the opposite effects and rescues obesity and associated metabolic syndrome. TFEB mRNA expression is induced by starvation by a posttranscriptional switch that controls TFEB nuclear translocation [29] [30] [31] , which allows TFEB to rapidly respond to nutrient availability, and a positive transcriptional autoregulatory component for a sustained response.
Autoregulatory feedback circuits are used by eukaryotic cells to convert a graded input into a binary (ON/OFF) response in eukaryotic gene circuits [32] [33] [34] . Interestingly, the Pgc-1α gene, a direct target of TFEB, is also subject to an autoregulatory loop 35 . Notably, TFEB regulates genes involved in several steps of lipid catabolism, which occur in different cellular compartments, such as the transport of fatty acid chains across the plasma membrane (for example, Cd36 and Fabps), and the β-oxidation of FFA in mitochondria (for example, Cpt1, Crat, Acadl, Acads and Hdad) and in peroxisomes (Cyp4a genes). According to our data, most of the effects of TFEB on lipid metabolism seem to be mediated by the direct regulation exerted by TFEB on the Pgc-1α-Ppar-α complex. Interestingly, a recent study showed that Pgc-1α participates in the transcriptional co-activation of TFEB, although the magnitude of this effect seems to be modest 36 . The observation that TFEB gain and loss of function in the liver influences whole-body energy metabolism suggests that TFEB stimulates the liver secretion of factors that affect the function of other tissues. This is likely to be mediated by Pgc-1α and Ppar-α, which are known to regulate the production of secreted hormones [37] [38] [39] . In previous studies we demonstrated that TFEB controls autophagy by directly regulating lysosomal and autophagy genes 12, 13 . Interestingly, the overexpression of TFEB in mice in which autophagy was genetically suppressed by deletion of Atg7 in the liver did not rescue hepatic steatosis, suggesting that TFEB effects on lipid metabolism require a functional autophagic pathway. Thus, TFEB controls the starvation response by orchestrating the induction of autophagy and Pgc-1α-Ppar-α-mediated lipid catabolism. We propose a model ( Supplementary Fig. S8 ) in which adequate nutrition keeps TFEB inactive by cytoplasmic sequestration. During starvation, TFEB translocates to the nucleus where it induces its own expression. This initiates a fast and pronounced metabolic shift to the catabolism of energy stores. On nutrient restoration, the feedback loop is quickly interrupted by TFEB nuclear exclusion, restoring the system to baseline. It is likely that global control of lipid metabolism by TFEB arose early during evolution to facilitate organismal adaptation to challenging nutritional conditions, as evidenced by the evolutionary conservation of TFEB autoregulation and by its role in metabolic adaptation to starvation in the invertebrate C. elegans. Finally, the acute beneficial effects of TFEB overexpression in both diet-and genetically induced obese mice suggest that this regulatory circuit may be an attractive therapeutic target for the modulation of lipid metabolism in obesity-related diseases.
METHODS
Methods and any associated references are available in the online version of the paper. 
M E T H O D S
METHODS
Generation of mouse models. Conditional Tcfeb-flox and Tcfeb-3xFLAG transgenic mouse line generation was described previously 11, 29 . The gene-trapping Tcfeb-β-gal mouse line was obtained by injecting an embryonic stem cell clone carrying a β-galactosidase coding sequence into the third intron of the Tcfeb genomic DNA of a blastocyst. The following mice were obtained from the Jackson laboratory: Albumin-CRE (ALB-CRE), the Ob/Ob line, the Ppar KO line and the Pgc-1α f/f mouse line. The Atg7 f/f mouse line was obtained from N. Mizushima (Tokyo Medical and Dental University Graduate School and Faculty of Medicine, Japan). All mice used were males and maintained in a C57BL/6 strain background. Fasting experiments were carried out for 24 h starting from the morning (otherwise indicated). In the high-fat diet study, age-matched male mice were fed ad libitum a Western-style diet (Harlan Teklad TD 88137) containing 21% (w/w) total lipid (42% calories as anhydrous milk fat). Body weights were recorded bi-monthly. For all experiments involving Tcfeb-LIKO mice, the control mice were Tcfeb loxP/loxP mice that did not carry the ALB-CRE transgene. All experiments were approved by the Committee on Animal Care at Baylor College of Medicine and conform to the legal mandates and federal guidelines for the care and maintenance of laboratory animals.
HDAd virus production. The HDAd-TFEB virus contains the following elements (from 5 to 3 ): a liver-restricted rat phosphoenolpyruvate carboxykinase promoter 40 , the ApoAI intron, the hTFEB cDNA, the woodchuck hepatitis virus posttranscriptional regulatory element, the ApoE locus control region and the human growth hormone poly(A). HDAd was produced in 116 cells with the helper virus AdNG163 as described in detail elsewhere 41, 42 . The generation of the HDAd vector expressing CRE recombinase under the control of the APOA1 promoter was previously described 43 . Hepatic transduction was achieved by intravenous administration (retro-orbital) of approximately 400 ml corresponding to 2 × 10 12 viral particles per mouse. In co-infection experiments, 1 × 10 12 viral particles per mouse of each virus was used. Only inbred C57BL/6 male mice were used in the HDAd-TFEB infection experiments. Age and sex-matched mice infected with a transgeneless HDAd vector were controls.
Histology and electron microscopy. Livers were dissected, post-fixed with buffered 4% paraformaldehyde overnight at 4 • C, cryoprotected and embedded in OCT. Cryostat sections of 10 µm were cut. Haematoxylin/eosin and oil red O staining protocols were performed following the IHC world protocols. Ultrathin sections were stained with Reynold's lead citrate for 4 min, air-dried and examined on a Hitachi H7500 transmission electron microscope. Images were captured using a Gatan US1000 digital camera and Digital Micrograph v1.82.366 software.
C. elegans electron microscopy was performed as follows: wild-type and hlh-30(tm1978) synchronized L4 populations were transferred from nematodegrowth media (NGM) + Escherichia coli OP50 to NGM plates supplemented with kanamycin (100 µg ml −1 ) and with E. coli OP50 for the control fed condition or in the absence of food for the starvation conditions. Animals were collected and incubated in fixation buffer (2.5% glutaraldehyde and 1.0% paraformaldehyde in 0.05 M sodium cacodylate buffer, at pH 7.4 plus 3.0% sucrose) 24 h after starvation at 25 • C. During the initiation of fixation, animals were cut in half with a surgical blade in a drop of fixative under a dissecting microscope, fixed overnight at 4 • C, rinsed in 0.1 M cacodylate buffer, post-fixed in 1.0% osmium tetroxide 0.1 M cacodylate buffer, rinsed in buffer and water. Animals were embedded in 2% agarose in phosphate buffered saline (PBS), dehydrated through a graded series of ethanol washes to 100%, then 100% propylene oxide, and finally 1:1 propylene oxide/EPON overnight. Blocks were infiltrated in 100% EPON and then embedded in fresh EPON overnight at 60 • C. Thin sections were cut on a Leica UC6 ultramicrotome and collected on formvar-coated grids. Sections were post-stained with uranyl acetate and lead citrate and viewed using a JEOL 1011 transmission electron microscope at 80 kV with an AMT digital imaging system (Advanced Microscopy Techniques).
Glucose, insulin and pyruvate tolerance tests. In vivo metabolic studies were performed using the Oxymax Columbus Instruments Comprehensive Lab Animal Monitoring System. For glucose tolerance tests, mice were injected with glucose (1.5 mg g −1 body weight) after 6 h fasting. For insulin tolerance tests, 4 h fasted mice were injected (intraperitoneal) with insulin (0.75 milliunit g −1 body weight, Humulin R; Eli Lily). Experiments were performed between 10:00 and 12:00. Blood was drawn 15, 30, 60 and 120 min after treatment for determination of glucose and insulin levels. Blood glucose concentrations were measured through tail bleed before and at the times indicated after injection.
Tissue lipid quantification. Liver triglycerides, free fatty acids and cholesterol were extracted as follows: briefly, pulverized liver was homogenized in PBS, then extracted using chloroform/methanol (2:1), dried overnight and re-suspended in a solution of 60% butanol 40% Triton X-114/methanol (2:1). Measurements were normalized to protein content in the initial homogenate by DC protein assay (Bio-Rad).
Plasma chemistry analysis. Blood was collected from the orbital plexus under isoflurane (Vedco) anaesthesia. Plasma was frozen in aliquots at −20 • C or used immediately after collection. Specific enzymatic kits were used for determination of serum non-esterified fatty acids, ketone bodies (Wako), glycerol (Sigma Aldrich), cholesterol and triglycerides (Infinity). Plasma glucose was monitored by a glucometer. Insulin was measured by ELISA (Mercodia).
Body composition analysis. Whole-body compositions of mice were analysed by EchoMRI (Echo Medical Systems), according to the manufacturer's instructions.
Fatty acid oxidation measurement. The increased oxygen consumption rate following BSA-conjugated palmitate addition was measured using the XF24 extracellular flux analyser (Seahorse Bioscience) following the manufacturer's instructions.
In vivo metabolic analysis. Analysis of oxygen consumption (V O2 ), carbon dioxide consumption (V CO2 ) and respiratory exchange ratio was performed using the Oxymax Columbus Instruments Comprehensive Lab Animal Monitoring System; mice were acclimatized to the system for 24 h before data collection. All of the data were normalized to weight. Rates of carbohydrate (4.58 * V CO2 − 3.23 * V O2 ) and fat (1.70 * V O2 -1.69 * V CO2 ) utilization were calculated as previously described 44, 45 .
TFEB antibodies. To recognize both human and mouse TFEB, the mouse anti-TFEB monoclonal antibody was purchased from Myr Biosource (catalogue No. MBS120432). To recognize only the human TFEB isoform we used the rabbit anti-TFEB polyclonal antibody from Cell Signaling (# 4240). RNA extraction, quantitative PCR and statistical analysis. Total RNA was first extracted from cells using TRIzol (Invitrogen) and re-purified with a RNeasy column (Qiagen). Reverse transcription was performed using TaqMan reverse transcription reagents (Applied Biosystems). Lysosomal and autophagic gene-specific primers were previously reported 29 . Lipid metabolism gene-specific primers are listed in Supplementary Table S10 . Fold change values were calculated using the Ct method 29 . An unpaired t -test was used to calculate statistical significance.
Bioinformatics and data visualization. Venn diagrams and pie charts were generated using custom annotation scripts.
Microarray data processing. Gene expression analysis was performed on twomonth-old male mice of the indicated genotype as previously reported 11, 29 . The data have been deposited in NCBIs Gene Expression Omnibus 46 (GEO) and are accessible through GEO Series accession number GSE35015 (overTFEB data set) and GSE36510 (WT_starved data set). Low-level analysis to convert probe level data to gene level expression was performed using the Robust Multiarray Average (RMA) function of the Bioconductor project 47 .
Statistical analysis of differential gene expression. For each gene, a Bayesian
t -test (Cyber-t; ref. 48 ) was used on RMA normalized data to determine whether there was a significant difference in expression between mice overexpressing TFEB (injected mice) versus non-injected mice used as the control (GSE35015-overTFEB data set); the same analysis was repeated to compare expression in starved wild-type mice versus wild-type mice (GSE36510-WT_starved data set). P-value adjustment for multiple comparisons was done with the FDR of Benjamini-Hochberg 49 . The threshold for statistical significance chosen was FDR ≤ 0.05; further filtering was performed by selection genes with an absolute fold change ≥1.5 for both increased (upregulated genes) and decreased (downregulated genes) expression levels. In the DOI: 10.1038/ncb2718 overTFEB data set, we selected 1,814 probesets corresponding to 1,384 differentially expressed genes (GSE35015). In the WT_starved data set we selected 467 probesets corresponding to 370 differentially expressed genes (GSE36510).
Microarray data analysis.
For each microarray data set, the Gene Ontology Enrichment Analysis 13, 14 (GOEA) was performed on the upregulated and downregulated gene lists, separately, by using the DAVID online tool (DAVID Bioinformatics Resources 6.7) restricting the output to all Biological Process terms (BP_ALL) (refer to Supplementary Tables S2 and S3 for the overTFEB data set; refer to Supplementary Table S5 for the 132 genes differentially expressed both in WT_starved and in overTFEB data sets listed in Supplementary Table S4 ). The threshold for statistical significance of GOEA was FDR ≤ 10% and enrichment score ≥1.5. In Fig. 1 the list of 1,814 probesets (GSE35015) was mapped on the GO hierarchy 50, 51 rooted in the Lipid Metabolic Process (GO:0006629) term. We considered the sub-categories of the two main sub-categories of the Lipid Metabolic Process: the lipid catabolic process (GO:0016042) and the lipid biosynthetic process (GO:0008610). The lipid catabolic process (GO:0016042) contains 6 sub-categories, and the lipid biosynthetic process (GO:0008610) contains 15 sub-categories. The cellular lipid catabolic process (GO:0044242), which is one of the sub-categories of the lipid catabolic process, was divided into 7 further sub-categories for the analysis. The two sub-categories of the lipid oxidation (GO:0034440) were also analysed. We introduced one more sub-category, the fatty acid binding and transport, to map genes as indicated in the literature. The 1,384 differentially expressed genes were mapped to 20 sub-categories (http://www.geneontology.org/; refs 50,51): 7 sub-categories of the lipid catabolic process, 11 sub-categories of the lipid biosynthetic process, and 1 sub-category each of the lipid oxidation and the fatty acid binding and transport. The total number of the mapped genes was 124 (Supplementary Table S7 ). The distribution of these genes among the 20 sub-categories was visualized in Cytoscape 52 . The threshold for statistical significance chosen for the comparison between the overTFEB data set and the WT_starved data set was FDR ≤ 0.05 and absolute fold change ≥1.5: we thus selected 162 probesets corresponding to 132 differentially expressed genes (Supplementary Table S4 ). The GOEA on the list of 132 genes was performed as described above and reported in Supplementary Table S5 . The total number of genes, out of 132, mapped to the different Lipid Metabolic Process sub-categories was 52 (Supplementary Table S6 ).
ChIP. Mice overexpressing TFEB-FLAG in liver were previously described 11 . Transgeneless littermates were used as controls. Livers were isolated from 5-day-old mice and incubated in 1% formaldehyde for 10 min at room temperature to crosslink DNA to associated proteins. Tissues were washed twice with ice-cold PBS containing 0.125 M glycine and protease inhibitors (Complete protease inhibitor cocktail tablets, Roche Applied Science) and then homogenized in lysis buffer (10 mM Tris-HCl at pH 7.5, 10 mM NaCl, 3 mM MgCl 2 and 0.5% NP40) containing protease inhibitors. After 10 min of incubation on ice, lysates were centrifuged for 5 min at 1,000g and 4 • C, and the nuclear pellets sonicated with a Branson Sonifier 450 for 6 s at power level 6. Homogenates were then digested with 300 U of micrococcal nuclease for 5 min at 37 • C (Worthington Biochemical Corporation) to generate fragments with an average length of ∼100-200 base pairs (bp), as determined empirically by agarose gel electrophoresis of the fragmented chromatin sample. For immunoprecipitation, 200 µl of chromatin was diluted 1:10 in ChIP dilution buffer (Millipore Corporation) and 1% of the diluted sample was set aside for input. The sample was precleared with streptavidin beads (Thermo Scientific) at 4 • C for 3 h. The precleared lysate was incubated overnight with 1 µg of biotinylated anti-FLAG antibody (BioM2 SIGMA). After immunoprecipitation, the beads were washed at room temperature (for 5 min each) with 700 µl of low-salt buffer, high-salt buffer, LiCl buffer (Millipore Corporation) and TE buffer (10 mM Tris-HCl at pH 7.4 and 1 mM EDTA at pH 8.0). Elution was performed twice in 250 µl of fresh elution buffer (1% SDS and 0.1 M NaHCO 3 ) for 15 min at room temperature. Eluates were combined, 20 µl of 5 M NaCl was added, and samples were incubated overnight at 65 • C to reverse the crosslinks. Input DNA was diluted in freshly made elution buffer to a volume of 500 µl, and crosslink reversal was performed. After crosslink reversal, samples were digested with 20 µg of proteinase K for 1 h at 55 • C, and DNA was recovered by standard methods in 30 µl of 10 mM Tris-HCl at pH 8.0. One µl of DNA was used for each quantitative rtPCR reaction. The quantitative rtPCR data were analysed as follows: relative proportions of immunoprecipitated DNA were determined based on the threshold cycle (Ct) value for each PCR reaction. To control for variation between ChIP fractions, for every gene promoter studied, a Ct value was calculated for each sample (WT, TFEB-FLAG) by subtracting the Ct value for the input (CtInput) from the Ct value for the immunoprecipitated sample (Ctantibody). As the input DNA fraction represents only 1% of the total material (see above), the CtInput value was first adjusted for this dilution factor by subtracting 6.644 cycles (log 2 of 100). The formula used was: Ct = [Ct elute − (CtInput − 6.644)]. Next, a Ct value was calculated for each sample by subtracting the CtWT (transgeneless) from the corresponding Ct (transgene). Fold differences between the specific immunoprecipitation and the background were then determined by raising 2 to the − Ct power. 53 .
Quantitative rtPCR analysis and statistics in C. elegans. Synchronized fed L4
C. elegans animals were transferred from NGM with E. coli OP50 to NGM plates supplemented with kanamycin (100 µg ml −1 ) in the absence of food for starvation or seeded with E. coli OP50 for fed control. For re-feeding after starvation, 500 µl of 10× concentrated E. coli OP50 overnight culture was added to the starvation plate versus 500 µl of vehicle (Luria-Bertani (LB) Broth) for starvation control. cDNA was subjected to quantitative rtPCR analysis as described previously 54 and data analysis was performed using the Pfaffl method 55 . Expression values were normalized against the control gene snb-1 and pan-act house-keeping genes, which did not vary under the conditions being tested. Statistics were performed using a two-sample two-sided unpaired t -test on Ct values from 3 independent biological replicates. A P value equal to or less than 0.05 was considered statistically significant.
Oil red O staining and quantification in C. elegans. Wild-type and hlh-30
adult animals were washed twice in M9 buffer and plated onto NGM plates supplemented with kanamycin (100 µ ml), and with OP50 or without any food source for the starvation condition. After 8 h incubation at 25 • C, animals were washed twice in PBS, 0.01% Triton X-100, resuspended in dehydrating buffer (PBS, 60% isopropanol, 0.01% Triton X-100). After 15 min of incubation at room temperature with gentle shaking, animals were resuspended into oil red O dye solution (as described in ref. 56 ) and incubated overnight with gentle shaking. The next day, dye was removed and animals were washed twice in 1 ml of PBS, 0.01% Triton X-100, mounted between a glass slide and a coverslip, and imaged using the ×10 objective in a Nikon Eclipse E800 microscope. Oil red O staining was quantified using ImageJ from at least 30 animals per condition. Experiments have been performed three times.
Lifespan and survival statistics. For lifespan assays, a total of 25-35 synchronized L4 hermaphrodites were transferred to each of three replicate NGM plates per strain and grown at 25 • C. NGM plates were supplemented with kanamycin (100 µg ml −1 ) and seeded with E. coli OP50 for the control fed condition, in the absence of any food source for the starvation condition. Once a day, animals were scored as alive or dead by gentle prodding with a platinum wire. Animals that died from crawling off the agar were excluded from the study. Kaplan-Meier statistical analyses were performed using software Prism 5 (GraphPad, http://www.graphpad.com). Survival data were compared using the log-rank test; error bars correspond to standard error (Greenwood's method). Experiments were performed twice.
L1 arrest assay.
Bleached eggs were resuspended in M9 buffer and incubated for 24 h at room temperature. To control for the non-starved condition, a volume containing approximately ∼100 eggs was plated in triplicate directly after preparation onto NGM + OP50 plates and eggs were grown at 15 • C. After 24 h of starvation, the same volume was plated in triplicate on NGM + OP50 and incubated at 15 • C. After 2 to 3 days, L4 and adult animals from non-starved and starved conditions were counted. Data are representative of 3 independent replicates. 
